Introduction
The prevalence of obesity has continued to increase in the world. Obesity increases the risk of a number of adverse health conditions including type 2 diabetes, dyslipidemia, hypertension, and fatty liver which are grouped under the term metabolic syndrome. Altered adipose tissue (AT) biology has been shown to be a key early event in the development of the metabolic complications of obesity. These changes are mainly characterized by proinflammatory macrophage infiltration of AT resulting in an increased production of a variety of bioactive substances such as cytokines, chemokines, and reactive oxygen species (ROS) that induce insulin resistance and fatty liver. Indeed, in both humans and rodents, inflammatory macrophages accumulate in AT with increasing body weight and preventing the accumulation of macrophages protects against the multiple obesity-related metabolic complications.
The pathogenic mechanisms resulting in inflammatory macrophage infiltration into the AT remain incompletely understood. Infiltrated macrophages are typically found around dying or dead adipocytes with formation of 'crown-like structures' in obese mice and humans [1] [2] [3] . Whether adipocyte death is a late consequence of the AT expansion and inflammation or an upstream event that initiates recruitment of immune cells was a crucial question that up until recently remained unanswered. Re-
Key Words Adipocyte cell death · Fatty liver disease · Metabolic disorders

Abstract
Obesity has reached epidemic proportions in the USA and many other parts of the world. Obesity increases the risk of a number of adverse health conditions including type 2 diabetes, insulin resistance, dyslipidemia, hypertension, and hepatic steatosis. Adipocyte hypertrophy occurs during weight gain and is associated with recruitment of immune cells, mainly macrophages, into the adipose tissue (AT). These cells typically surround a dying or dead adipocyte with the formation of crown-like structures that are present in experimental models of obesity as well as obese humans. The immune infiltration of AT results in increased production of various adipokines, cytokines, and chemokines that play a crucial role in the development of insulin resistance and hepatic steatosis. The pathogenic mechanisms resulting in AT macrophage recruitment are under intense investigation and remain incompletely understood. Recent evidence suggests that various programmed cell death pathways are activated in stressed hypertrophied adipocytes and may result in cell death. These events appear to occur at early stages and be important in triggering the metabolic dysregulation associated with obesity.
cently, we have demonstrated that programmed cell death initiated by lysosomal permeabilization and mitochondrial dysfunction occurs during the early stages of hypertrophy in adipocytes resulting in the acceleration of infiltrated inflammatory macrophages and the development of metabolic disorders [4, 5] . In addition, studies have recently shown that endoplasmic reticulum (ER) stress signals are activated in the early stage of hypertrophic adipocytes and these events can result in mitochondrial-dependent cell death [6] .
Metabolic Disorders of Obesity: The Role of Adipose Tissue
The metabolic disorders associated with obesity are clustered under the name metabolic syndrome. Growing evidence supports a key role for altered AT biology as a key denominator for these metabolic complications. During weight gain, adipocytes are gradually hypertrophied, associated with recruitment of bone marrow-derived macrophages into the AT and increased levels of various pro-inflammatory adipokines, chemokines/cytokines resulting in local insulin resistance and development of systemic insulin resistance ( fig. 1 ) [7] . These proinflammatory adipokines and chemokines/cytokines are also released into the bloodstream affecting distant target tissues and organs [8] . Concomitantly, free fatty acids (FFAs) are released into the bloodstream from hypertrophied adipocytes via increased lipolysis as a result of AT insulin resistance, and delivered to other organs such as liver and muscle [9] . In the liver, these FFAs are taken up by hepatocytes and may induce lipotoxicity resulting in activation of distinct biochemical cascades of cell death ( fig. 1 ). Non-alcoholic fatty liver disease (NAFLD) has increased dramatically mainly in the Western world, affecting about 30% of the American adult population, and is closely associated with obesity. Non-alcoholic steatohepatitis (NASH) is a more serious form of NAFLD which is characterized by hepatic steatosis in association with hepatocellular injury and inflammation with various degrees of liver fibrosis [10] . Furthermore, approximately 10-25% of NASH patients can progress to cirrhosis and its associated complications including hepatocellular carcinoma or liver failure, requiring a liver transplantation [11, 12] .
Thus, changes in adipocyte biology appear as key initiators and early events leading to fat accumulation in the liver, supporting the importance of dissecting the alterations in adipocytes during weight gain to potentially identify early upstream targets for treatment of fatty liver disorders. 
Adipocyte Cell Death
It is well characterized that morphologically appearing dying or dead adipocytes surrounded by infiltrated inflammatory macrophages, so-called crown-like structures, are present in the AT during weight gain and the number of crown-like structures increases overtime [3] . However, the molecular and biochemical pathways initiating cell death in adipocytes has until recently remained unstudied. Recent studies reported that both caspase-dependent and -independent cell death occurs in hypertrophied adipocytes in experimental murine models of obesity and further dissected the signaling pathways that initiate this process ( fig. 2 ) [4, 5, 13] .
Lysosomal-Mitochondrial Axis
Lysosomes play a central role in both necrotic and apoptotic cell death. Lysosomal permeabilization is an early event during apoptosis and it typically precedes other features characteristic of the cell death processes [14] . A total of 11 human cathepsins have been identified and cathepsin B (cysteine protease) as well as cathepsin D (aspartic protease) are the two most abundant proteases in the lysosome. During lysosomal permeabilization, the active form of cathepsins is released into the cytosol and induces activation of the pro-apoptotic Bcl-2 family protein such as Bax and Bid. Sequentially, these activated pro-apoptotic proteins move to the mitochondria outer membrane and trigger mitochondrial dysfunction with formation of the apoptosome [cytochrome c, apoptotic-protein activation factor-1 (Apaf-1), and caspase-9] resulting in cellular apoptosis through caspase-3 activation. In addition, the ROS produced by mitochondrial dysfunction can also feedback to the lysosome resulting in further lysosomal breakdown and cell damage [15] .
Several studies suggest that cathepsins may play an important role in the altered adipocyte biology in obesity. Masson et al. [16] reported that cathepsin D (CTSD) mRNA levels are upregulated in AT from obese humans, as well as in adipocytes from the obese mouse fed a highfat diet (HFAT) at age 30 weeks. They also proposed a key role of CTSD in the control of adipogenesis in murine pre-adipocytes during differentiation using RNAi technology for CTSD knockdown. Feng et al. [17] reported that CTSD activity is increased in mice fed a HFAT diet for 4 and 8 weeks. Furthermore, we have demonstrated that a lysosomal-mitochondrial axis involving cathepsins and Bax/Bid is a potential mechanism for adipocyte apoptosis and macrophage infiltration during obesity [5, 18] . We first demonstrated that FFAs induced lysosomal permeabilization with cathepsin activation resulting in adipocyte apoptosis through mitochondrial dysfunction in vitro. Notably, adipocyte apoptosis was protected when the cells were incubated with FFAs plus a cathepsin B (CTSB) inhibitor due to inhibition of lysosomal permeabilization. In obese mouse, CTSB and CTSD activation were detected in epididymal AT (eAT) as early as 2 weeks after initiation of a HFAT diet and associated with a slight increase in adipocyte apoptosis. After 6 weeks of HFAT diet, CTSB and CTSD activation were further increased and preceded the activation of pro-apoptotic proteins Bid and Bax that act directly on mitochondria to induce mitochondrial dysfunction, subsequently increase ROS pro- Extrinsic and intrinsic pathways of cell death may activate during adipocyte hypertrophy and result in adipocyte cell death. In the extrinsic pathway, death receptors including Fas, TNF-R1 and TRAIL-Rs are engaged by their natural ligands. These receptors trigger intracellular cascades that activate death-inducing proteolytic enzymes, especially caspases. In the intrinsic pathway, organelle stress such as lysosomal permeabilization or ER stress activates pro-apoptotic proteins such as Bid or Bax resulting in mitochondrial dysfunction with release of several pro-apoptotic proteins into the cytosol including cytochrome c, which then forms an activation complex with Apaf-1 and caspase-9, the apoptosome. 582 duction, and release several mitochondrial intermembrane space proteins including cytochrome c into the cytosol. As a result of lysosomal permeabilization and mitochondrial dysfunction, a significant increase in adipocyte cell death could be detected and was associated with an increase in macrophage infiltration. Notably, genetic inactivation of CTSB in CTSB knockout mice (CTSB -/-) resulted in a markedly decreased recruitment of macrophages to eAT and inflammatory cytokines induced by a HFAT diet, and protected against ROS production resulting in reduction of adipocyte cell death. In conclusion, these studies identify lysosomal cathepsins as the potential key mediator of adipocyte cell death during obesity.
Endoplasmic Reticulum ER is a central organelle as the location of protein folding, protein maturation, lipid synthesis, and storage of free calcium. ER has a key control system by which only properly folded proteins are delivered to the extracellular environment through the Golgi compartment. Multiple physiological and pathological conditions can interfere with ER quality control and lead to an accumulation of unfolded proteins in the ER. Such an increase of unfolded proteins is termed ER stress and can have deleterious consequences for the cell. To restore normal cell function from ER stress, the cells activate the unfolded protein response (UPR) that is mediated by ER intracellular signal transduction pathways involving induction of IRE1 (ER transmembrane kinase/endoribonuclease), PERK (PKRlike ER kinase), and ATF-6 (activating transcription factor 6) [19] . However, when the ER stress exceeds the processing capacity of the UPR, the UPR may trigger cell death via apoptosis through multiple pathways such as JNK (c-Jun N-terminal kinase), caspase-12 or mitochondrial dysfunction [20, 21] .
Recent studies have shown that ER stress is increased in adipocytes from obese mice, both in genetically obese (ob/ob) or diet-induced obese mice [22] . The expression of GRP78 (78-kDa glucose-regulated/binding immunoglobulin protein), a central component of the UPR, PERK phosphorylation, and JNK activity were all significantly increased in AT of obese mice compared to lean controls. The Boden and Merali group has reported the upregulation of ER stress in obese humans compared to lean individuals [23] . They showed that the expression of several UPR stress-related proteins including JNK-1 was increased in obese patients. Furthermore, the Lionetti and Barletta [6] group reported that the hypertrophic adipocyte is under ER stress resulting in the activation of metabolic pathways that trigger insulin resistance, release macrophage chemoattractant proteins and induce adipocyte death.
Death Receptors
The extrinsic pathway of cell death is initiated by death receptors including Fas (CD95 or APO-1), TNF-R1 and TRAIL-Rs. When engaged by their natural ligands, these receptors trigger intracellular cascades that activate death-inducing proteolytic enzymes, especially caspases. Fas is a glycosylated protein that is widely expressed and is activated by binding of Fas ligand (FasL) resulting in receptor trimerization and the formation of the death-inducing signaling complex (DISC) [24] . The DISC contains a Fas-associated protein with death domain (FADD). FADD activates caspase-8 following activation of executioner caspases (caspase-3, -6 and -7), either directly (type I pathway) or indirectly through mitochondrial dysfunction (type II pathway) [25] . Mitochondrial dysfunction results in release of several proapoptotic proteins into the cytosol including cytochrome c, which then forms an activation complex with Apaf-1 and caspase-9, the apoptosome. In the death complex of TNF-R1 with TNF-α, TNF-R1 engages TNF receptorassociated protein with death domain (TRADD), receptor interacting protein 1 (RIP1) and TNF receptor-associated factor 2 (TRAF2) to form the so-called complex I [26] . Complex I binds to FADD, resulting in caspase-8 activation and cell death.
Recent studies showed that serum concentration of both Fas and FasL were associated with metabolic disorders, type 2 diabetes, hypertension, and cardiovascular disease [27] . In adipocytes, the Wabitsch group [28] has reported that human adipocytes express FasL, TNF-R1, TRAIL-R1 (TNF-related apoptosis-inducing ligand receptor 1), and TRAIL-R2. We have also demonstrated that Fas and FasL protein expression are significantly increased in the hypertrophied AT of obese mice fed a HFAT diet compared to control diet [4] . Fas and FasL complex activates Fas signaling pathway resulting in activation of caspase-8, increase of pro-apoptotic proteins (tBid and Bax), decrease of anti-apoptotic protein (Bcl-X L ), and activation of caspase-3. As a result, adipocyte apoptosis occurs associated with increase of macrophage infiltration and upregulation of pro-inflammatory genes. As mitochondrial dysfunction is a key event to control apoptosis mediated by both extrinsic and intrinsic pathways, we investigated whether inhibition of mitochondrial dysfunction would reduce the adipocyte apoptosis in Bid knockout (Bid KO) mouse fed a HFAT diet. As expected, adipocyte apoptosis was significantly reduced in Bid KO mice due to inhibition of mitochondrial dysfunction associating with decrease recruitment of infiltrating macrophages and reduce activation of pro-inflammatory genes compared to wild-type (WT) mice fed a HFAT diet.
NLR Inflammsomes and Caspase-1-Mediated Cell Death
Inflammasomes are multiprotein cytoplasmic complexes that serve as pattern recognition receptors and have emerged as key mediators of inflammation, immunity, and cell death. They are composed of one of several NLR and PYHIN proteins, including NLRP1, NLRP3, NLRC4 and AIM2.1 Inflammasome activation regulates the cleavage of effector pro-inflammatory cytokines such as pro-IL-1β and pro-IL-18 through the processing and activation of caspase-1. We, and others, have recently shown that hepatic caspase-1 activation occurs in both bone marrow-derived Kupffer cells (macrophages) and hepatocytes during the development of NASH and alcoholic steatohepatitis (ASH) and this activation appears to be mediated through the NLRP3 inflammasome [29] . We have recently shown that NLRP3 activation is sufficient to induce hepatic inflammation and fibrosis [30] . Furthermore, we demonstrated that hepatocytes may undergo pyroptotic cell death, a novel form of programmed cell death that differs from other types of cell death in that is dependent on caspase-1 activation. More recently, Giordano et al. [31] demonstrated that hypertrophied adipocytes in obese mouse models may also undergo pyroptosis and this could be an important mechanism contributing to macrophage recruitment and perpetuating the inflammatory process in obese AT.
Inhibition of Adipocyte Cell Death as an Approach for Treatment of Metabolic Disorders
The various studies reviewed in the above sections suggest that targeting adipocyte cell death may be an attracting therapeutic approach for fatty liver disease and other metabolic complications of obesity. As a proof of concept, we tested the hypothesis that Bid suppression may result in improvement of metabolic complications associated with obesity. We initially focused on the effects on insulin sensitivity and hepatic steatosis using WT mice or global Bid KO mice fed a HFAT diet [4] . As expected, WT mice fed a HFAT diet developed significantly increased serum FFA levels, systemic insulin resistance and hepatic steatosis associated with a significant increase of hepatic TG levels. On the other hand, Bid KO mice fed the HFAT diet were protected from development of systemic insulin resistance and diet-induced hepatic steatosis. These data suggest that adipo- cyte Bid activation and cell death is an early event that contributes to the development of fatty liver and insulin resistance associated with obesity and identifies a novel potential target for therapeutic strategies for these conditions.
Conclusion
Adipocyte cell death initiated by activation of death receptors on the cell surface and/or organelle stress occurs at an early stage during hypertrophy of adipocytes and expansion of AT associated with obesity. Subsequently, hypertrophied adipocytes release a number of adipokines and chemokines that results in immune cell infiltration of AT, composed predominantly of macrophages that induce further release of cytokines/chemokines perpetuating the adipocyte stress and inducing local and systemic metabolic dysregulation. The inhibition of specific signaling pathways activated during cell stress such as lysosomal permeabilization or mitochondrial dysfunction may protect adipocytes and prevent cell death and subsequent downstream events. These data have uncovered novel aspects of adipocyte biology during obesity. Future studies to further dissect the molecular and biochemical events occurring during adipocyte hypertrophy are warranted and may result in the discovery of novel therapeutic targets for treatment of the various metabolic complications associated with obesity ( fig. 3 ) .
